1] At the peak of the previous interglacial period, North Atlantic and subpolar climate shared many features in common with projections of our future climate, including warmer-than-present conditions and a diminished Greenland Ice Sheet (GIS). Here we portray changes in North Atlantic hydrography linked with Greenland climate during Marine Isotope Stage (MIS) 5e using (sub)centennially sampled records of planktonic foraminiferal isotopes and assemblage counts and ice-rafted debris counts, as well as modern analog technique and Mg/Ca-based paleothermometry. We use the core MD03-2664 recovered from a high accumulation rate site ($34 cm/kyr) on the Eirik sediment drift (57 26.34′N, 48 36.35′W). The results indicate that surface waters off southern Greenland were $3-5 C warmer than today during early MIS 5e. These anomalously warm sea surface temperatures (SSTs) prevailed until the isotopic peak of MIS 5e when they were interrupted by a cooling event beginning at $126 kyr BP. This interglacial cooling event is followed by a gradual warming with SSTs subsequently plateauing just below early MIS 5e values. A planktonic d 18 O minimum during the cooling event indicates that marked freshening of the surface waters accompanied the cooling. We suggest that switches in the subpolar gyre hydrography occurred during a warmer climate, involving regional changes in freshwater fluxes/balance and East Greenland Current influence in the study area. The nature of these hydrographic transitions suggests that they are most likely related to large-scale circulation dynamics, potentially amplified by GIS meltwater influences.
Introduction
[2] The climate of the last interglacial period, Marine Isotope Stage (MIS) 5e, has many features in common with model projections of our future climate. These include warmer-than-present climatic conditions, a significantly reduced Greenland Ice Sheet (GIS) and a higher sea level [e.g., Otto-Bliesner et al., 2006; Kopp et al., 2009] . Therefore, ocean-climate characterizations spanning the Termination II through the peak of MIS 5e (i.e., transition from a glacial state into a warmer-than-present climatic state) may provide important insights and constraints for better understanding the response of the ocean and the GIS to future warming and freshening. Such characterizations are essential in order to identify different interglacial climate and ocean circulation modes as well as any potential thresholds for switching between them. For example, several studies have now identified a climatic "pause" and/or a two-step deglaciation during Termination II, between MIS 6 and MIS 5e, from various regions in the North Atlantic [Sarnthein and Tiedemann, 1990; Lototskaya and Ganssen, 1999; Sánchez Goñi et al., 1999; Shackleton et al., 2002 Shackleton et al., , 2003 Gouzy et al., 2004; Bauch and Erlenkeuser, 2008] . Among these studies, Shackleton et al. [2002 Shackleton et al. [ , 2003 provided a particularly detailed description of the penultimate deglaciation and the MIS 5e plateau in the subtropics using core MD95-2042 ( Figure 1 ). During the early part of the benthic MIS 5e plateau following the MIS 6/5e transition, Shackleton et al.'s [2002] planktonic d 18 O record showed a clear and extended plateau marked by intermediary planktonic d 18 O values before reaching minimal 5e levels. Following this intermediate state, an abrupt shift toward low planktonic d 18 O values occurs at 126 kyr BP and persists for the remainder of MIS 5e [Shackleton et al., 2002 [Shackleton et al., , 2003 ]. This abrupt planktonic d 18 O shift at 126 kyr BP is linked with the beginning of the Eemian Interglacial on land and characterized by a significant increase in Eurosiberian and Mediterranean vegetation on the Iberian Peninsula [Sánchez Goñi et al., 1999; Shackleton et al., 2003] . A similar early MIS 5e planktonic d 18 O plateau has recently been found in Nordic Sea records , raising the possibility that this 126 kyr BP transition marks a widespread shift between two different interglacial hydrographic states in the subtropical and subpolar regions.
[3] Here we investigate hydrographic variability in the NW subpolar gyre (SPG) in order to better characterize the spatial imprint of these hydrographic changes and understand the mechanisms underlying this sudden transition.
Using new high-resolution multiproxy records from the Eirik Drift, a high accumulation rate site off southern Greenland, we reconstruct changes in the North Atlantic surface ocean hydrography and climate spanning the period from late MIS 6 through early MIS 5e.
Oceanographic Setting
[4] We use calypso Core MD03-2664 (57 26.34′N, 48 36.35′W ; 3440 m water depth) that was cored during the IMAGES P.I.C.A.S.S.O cruise onboard R/V Marion Dufresne of the French Polar Institute (IPEV). MD03-2664 is located on the Eirik sediment Drift, off the southern tip of the Greenland margin, well situated to monitor changes in SPG hydrography (Figure 1) . We investigate the SPG region because surface water hydrography in the northern North Atlantic is dominated by the dynamics of the SPG, which are linked in turn to both large scale surface climate variability (such as the North Atlantic Oscillation (NAO) [Häkkinen et al., 2008] ) and the North Atlantic thermohaline circulation (THC) [Hátún et al., 2005 [Hátún et al., , 2009 . The eastern, northward flowing segment of the gyre is dominated by the branches of the warm and saline waters of the North Atlantic Current (NAC), while the southward flowing, cold and fresh East Greenland Current (EGC) dominates the western part (Figure 1) . The EGC is the major carrier of Figure 1 . Map of the North Atlantic Ocean and the Nordic Seas. Arrows depict the schematic circulation and spreading pathways of the surface currents in the region. Colors indicate the Sea Surface Salinity (SSS) at 50 m depth (http://data.nodc.noaa.gov/las ). Location of core MD03-2664 (57 26.34′N, 48 36.35′W ; 3440 m water depth) is marked with a red circle. Other cores discussed in the text (HU90-013-013 (58 12.59′N, 48 22.40W; 3380 m water depth) [Hillaire-Marcel et al., 1994] , MD99-2227 (58 12.46′N, 48 22.38′W ; 3460 m water depth) [Carlson et al., 2008] , and MD95-2042 (37 48′N, 10 10′W; 3146 m water depth) [Shackleton et al., 2000] )) are marked with yellow circles (NAC: North Atlantic Current; NwAC: Norwegian Atlantic Current; IC: Irminger Current; EGC: East Greenland Current; LC: Labrador Current; SPG: Subpolar Gyre; STG: Subtropical Gyre). cold freshwater and sea ice from the Arctic Ocean into the lower latitudes of the North Atlantic via the Fram Strait [Aagaard and Carmack, 1989 ]. In addition it transports the deep and intermediate waters exiting the Arctic Ocean and Atlantic Water re-circulating in the Fram Strait, which contributes to form the Denmark Strait overflow and North Atlantic Deep Water [Rudels et al., 2002] .
Materials and Methods

Sample Preparation
[5] The 5 m interval (2350-2850 cm) of the core spanning MIS 5e and its transitions was continuously sampled at 1-cm spacing. The samples were wet sieved at >63 mm. We used the >63 mm fraction for selection of foraminiferal specimens for stable isotope analysis, to study compositional changes in foraminiferal assemblages, count ice-rafted detritus (IRD), and perform Mg/Ca analysis on N. pachyderma (s).
Stable Isotopic Analyses
[6] Oxygen (d 18 O) and carbon isotope (d 13 C) analyses were performed on the planktonic foraminifera Neogloboquadrina pachyderma (sinistral) in order to reconstruct surface water physical properties. N. pachyderma (s) was picked from the 150-250 mm size fraction. Oxygen isotopes (d 18 O) were also analyzed on the benthic foraminifera Cibicidoides wuellerstorfi, picked from size fractions >150 mm and are used for isotope stratigraphy. The stable isotope analyses were measured on a Finnigan MAT 253 mass spectrometer at the stable isotope laboratory at the Department of Earth Science and Bjerknes Centre for Climate Research, University of Bergen. All planktonic samples were run in two replicates and benthic samples were run in two replicates when sufficiently abundant. Results are expressed as the average of the replicates and reported relative to Vienna Pee Dee Belemnite (VPDB), calibrated using NBS-19crosschecked with NBS-18. Long-term reproducibility (1s) of in-house standards is equal to or better than 0.08‰ and 0.03‰ for d 18 O and d 13 C respectively, for samples between 10 and 100 mg.
Foraminiferal Assemblages
[7] Foraminiferal counts were performed every 8 cm throughout the core. The resolution was increased to every 4 cm on the 2570-2850 cm interval of the core, to provide detailed perspectives spanning the period from the MIS 6/5e transition through the isotopic peak of MIS 5e. Sediment samples of the size fraction >150 mm were split to give approximately 300 planktonic foraminifera for the counts in each sample. The actual number of planktonic foraminifera counted in a sample ranged from 261 to 936 specimens. The abundances of the most dominant species relative to the total planktonic foraminiferal assemblage were calculated. The coiling ratio of N. pachyderma (the percentage of right coiling (or left coiling) variety in total (right + left coiling varieties)) is also computed. Here we adopt the name N. incompta sensu for the right coiling N. pachyderma variety, as suggested by Darling et al. [2006] .
Ice-Rafted Debris
[8] Lithic fragments (ice-rafted debris (IRD)) in the >150 mm fraction were counted to estimate the iceberg discharge. Counts were performed every 4 cm across the 2600-2850 cm interval of the core. At least 300 grains were counted in each sample. The results are expressed as the percentages of IRD grains relative to total entities (i.e., foraminifera) in each sample (IRD%).
Sea Surface Temperatures
[9] Sea surface temperatures (SSTs) were reconstructed using both Mg/Ca and faunal assemblages ( Figure 2 ). Mg/Ca measurements were performed every 4 cm across the 2600-2850 cm core interval, on the planktonic foraminifera N. pachyderma (s), picked from the same samples used for stable isotopic and faunal analyses. N. pachyderma (s) is a polar species, found throughout the upper water column, abundantly in the upper 50-100 m, but also calcifies at depths between 100 and 200 m [Bauch et al., 1997; Simstich et al., 2003; Jonkers et al., 2010] . N. pachyderma (s) blooms during the spring and in late summer [e.g., Jonkers et al., 2010] , and therefore the Mg/Ca analyses from N. pachyderma (s) would reflect spring or late summer SSTs. Samples consisting of $40 individuals selected from the 150-250 mm fraction were gently crushed between two clean glass slides under a microscope to open the individual chambers, and transferred into acid-leached vials. The crushed foraminiferal tests were cleaned to remove various contaminating phases. The cleaning protocol used involved clay removal, followed by reductive and oxidative steps to remove metal oxides and organic matter respectively, weak acid leach and final dissolution in dilute HNO 3 . Quality control during the cleaning steps is assured by using two blanks throughout all the cleaning processes. Measurements were carried out on a Finnigan MAT Element XR Sector Field Inductively Coupled Plasma Mass Spectrometer (ICP-MS), following the method outlined by Rosenthal et al. [1999] , at the ICP-MS laboratory at the Institute of Marine and Coastal Sciences, Rutgers, The State University of New Jersey, USA. Contamination from adhered sediment was monitored using Fe/Ca and Al/Ca measurements ( Figure 2c ). Five out of 61 samples were rejected because of possible contamination.
[10] Core top calibrations assessing the Mg/Ca-temperature relationship in N. pachyderma (s) in the Norwegian and Arctic seas portray a complicated picture. In some, there is no correlation between Mg/Ca and the calcification temperature estimated from the oxygen isotopic composition of the tests or from assuming a designated calcification depth [e.g., Meland et al., 2006; Kozdon et al., 2009] . The apparent lack of temperature sensitivity is likely due to the difficulty of assigning accurate d 18 O values to the water profiles in this region (required for calculating isotopic temperatures), and the apparently variable calcification depth of this species [Kozdon et al., 2009] . We convert our Mg/Ca data to temperature estimates using the linear core tops calibration of Kozdon et al. [2009] (Figures 2a and 2b) , which is based on the correlation with calcification temperatures inferred from Ca isotopes between 3 and 6 C. The calibration breaks down below 3 C in the Arctic Sea and toward the Greenland margins. We note, however, that today our site is situated well within the tight calibration range. Furthermore, comparison with the Nürnberg [1995] data for the Norwegian Sea suggests that, within the analytical uncertainty associated with each method, this relationship may also be applicable to the wider temperature range of about 3 to 10 C, which covers our reconstructed temperatures. Comparing the different data sets is not straightforward as each was obtained by using a different analytical method. For example, Nürnberg et al. [2000] suggested that his 1996 calibration data obtained by electron microprobe is about 5% higher than data obtained by ICP-OES on samples cleaned without any reductive step. In contrast with the calibration data, our down core data was obtained with the reductive step included in the cleaning protocol, thus a correction for the difference in cleaning methods is required. Previous studies demonstrate that adding the reductive step typically lowers the Mg/Ca results by 10-15% [Rosenthal et al., 2004; Meland et al., 2006] . To account for this difference we corrected the intercept in the original calibration of Kozdon et al. [2009] by À10% and use the following equation: Mg/Ca = 0.13T + 0.32. Considering all these uncertainties, the error on the combined calibration is about AE0.4 C (1 SEE) for temperatures >3 C. The long-term external precision of Mg/Ca analysis was $1.5% (1s RSD) as determined by repeated measurements of a consistency standard with Mg/Ca ratio of 1.2 mmol/mol. The error in replicate samples is <0.1 mmol/mol. Thus we estimate the pooled error in individual temperature estimates to be about AE1.7 C (2 SEE). We have further calculated the d 18 O in seawater (d 18 O sw ), using Mg/Ca derived SSTs together with the paleotemperature equation of Shackleton [1974] , with a VPDB to SMOW d 18 O conversion of 0.27‰. Applying this approach to core top Mg/Ca and d 18 O values of N. pachyderma (s) analyzed in a nearby multicore [Kleiven et al., 2010] proxy SST and d 18 O sw estimates reproduce modern oceanographic values-core top SST = 5.4 AE 1.1 C and d 18 O sw = À0.03 AE 0.29‰ (2SEE n = 3) versus spring ocean temperature of 3.7 C Schmidt, 2006 ]. The estimated standard error for absolute salinity reconstructions varies in different periods between $0.7 and 1.1 psu (2 SEE). This uncertainty combines the errors in temperature estimates (AE1.7 C) and uncertainty in the choice of d 18 O sw -S relationship for this region. The latter takes into account modern changes in the local d 18 O sw -S relationship due to varying freshwater sources (e.g., ice sheet and sea ice changes). Nonetheless, larger variations in d 18 O sw might have occurred either due to variation in global seawater during MIS 5e and larger glacial meltwater inputs. Due to the potentially large uncertainty in salinity estimates, we focus our discussion and comparison to modern water masses on d 18 O sw changesproviding quantification for salinity that should be considered indicative.
[11] The Modern Analog Technique (MAT) estimates SSTs using a dissimilarity measure to match the foraminiferal assemblage of downcore samples with the assemblages found in worldwide modern core top database [Hutson, 1980; Prell, 1985] . In MAT SST estimates, the squared chord distance (SCD)-a signal to noise measure, is the most reliable equation for running MAT [Overpeck et al., 1985] . In this study we generated SST estimates from planktonic foraminiferal assemblages using MAT [Prell, 1985] and the core top faunal and SST data from 527 Atlantic cores in the Brown University core top database [Prell et al., 1999] . We used the SCD to determine the dissimilarity between the modern and fossil foraminiferal assemblages. Core tops that showed a dissimilarity greater than 0.4 were not considered when compiling the list of five analogs for the SST calculation. A high dissimilarity coefficient indicates there is a no-analog condition, where no modern analogs exist in the core top database. Although we have generated MAT SSTs on the same samples as the foraminiferal counts were performed, our main focus is the 2600-2850 cm interval, which spans the period from the MIS 6/5e transition through the isotopic peak of MIS 5e. At site MD03-2664, the average dissimilarity coefficient through the 2600-2850 cm interval is 0.053 with a standard deviation of 0.0139. The averages of summer and winter SST standard deviations are 0.9 C and 1.0 C respectively. High standard deviation of the SST estimates (≥2 C) during a small section of MIS 6 and MIS 5e indicate low confidence in the estimates for these samples (Figure 2d ). Low dissimilarity coefficients (≤0.1) derived from the five best analogs suggest reliable SST estimates for most of MIS 6 and MIS 5e (Figure 2e ).
Chronology and Sedimentation Rates
[12] Shackleton et al. [2002 Shackleton et al. [ , 2003 ] developed a radiometrically constrained time scale for MIS 5 that is independent of astronomical calibration, using sediment core MD95-2042 (37 48′ N, 10 10′ W; 3146 m water depth), from the Iberian Margin. They defined the beginning of the MIS 5e plateau at 128 kyr BP, and termination of the plateau at 116.1 kyr BP, based on Stirling et al.'s [1998] age estimates for the MIS 5e sea level highstand. Here we apply the chronology of Shackleton et al. [2002 Shackleton et al. [ , 2003 , tuning the benthic d 18 O records of Core MD03-2664 to Core MD95-2042. We adopted tie points at 135 kyr BP, 128 kyr BP, 116.1 kyr BP and 113 kyr BP based on the benthic d 18 O records ( Figure 3a ). Note that temporal offsets (and associated uncertainties) of up to few thousand years are possible between benthic d 18 O records from different oceans, hemispheres, and water masses [e.g., Skinner and Shackleton, 2005; Govin et al., 2012] . Here we tie records from two sites located within the same basin (i.e., North Atlantic), in similar water depths, that are both bathed by (proto) North Atlantic Deep Water. Based on this rationale, the sites should experience broadly similar benthic d 18 O influences/changes through time-minimizing the largest of the potential offsets associated with this approach. After adopting the benthic d 18 O derived age control points we compared the planktonic d 18 O record of Core MD95-2042 with the planktonic d 18 O record of Core MD03-2664 ( Figure 3b ). The sharp transition toward low planktonic d 18 O in MD03-2664 is approximately coeval (<500 years offset) with the abrupt planktonic d 18 O shift at 126 kyr BP described by Shackleton et al. [2003] in Core MD95-2042. While, as noted above, the stratigraphic constraints provided by benthic d 18 O are not precise enough to confirm that these are coeval events, the similarity in both character and timing between these two planktonic d 18 O records is compelling (Figure 3b ). For the purposes of this paper we assume that the sharp planktonic d 18 O decrease in both records is a common event and adopt an additional age control point at 126 kyr BP. We note that while this assumption has little effect on the absolute age, it is relevant to our later discussion of these events as a common feature. The resulting age model at site MD03-2664 gives mean sedimentation rates of $34 cm/kyr for the MIS 5e plateau (128-116.1 kyr BP), corresponding to a mean temporal sample spacing of $29 years/cm (Figure 3c ).
[13] Sedimentation on the Eirik Drift is strongly affected by the strength and position of the Western Boundary Undercurrent (WBUC). Glacial-interglacial changes in the depth and/or vigor of the WBUC, which supplies sediments to the Eirik Drift, results in expanded interglacial and condensed glacial sediment sequences in the deep parts of the Eirik Drift sediment cores [e.g., Hillaire-Marcel et al., 1994 Hunter et al., 2007] . Previous work in the region has shown evidence for variable rates of sediment input in the region due to detrital layer input associated with ice sheet instabilities [e.g., Evans et al., 2007] , detritus shedding from Greenland margin, spillover from distal Northwest Atlantic Mid-Ocean Channel (NAMOC) turbidites, or velocity fluctuations in the contour currents supplying sediments [Hesse and Chough, 1980; Chough et al., 1987; Hiscott et al., 1989] . High interglacial sedimentation rates can also be due to enhanced biogenic carbonate fluxes and increases in detrital supply due to GIS retreat at the onset of interglacial intervals [Fagel and Hillaire-Marcel, 2006; Evans et al., 2007; Hillaire-Marcel et al., 2011] . Collectively, these processes maintain high, but potentially also variable, interglacial sedimentation rates in the region.
Results
Late MIS 6 and Deglaciation
[14] At site MD03-2664, late MIS 6 is characterized by high d 18 O ($4.8‰) and very low d 13 C values (varying between À0.27‰ and 0.14‰) of N. pachyderma (s) (Figures 4d and 4e , respectively). The foraminiferal assemblages are dominated by the polar species N. pachyderma (s) ($98%) ( Figure 5 ) and IRD fluctuations vary between 17% and 98% (Figure 4c ). High N. pachyderma (s) abundances and d 18 O values prevail until the IRD layer at 2812-2820 cm . During this interval, IRD% increases to 98-99.5%, marking an episode of massive iceberg discharge, most likely associated with Heinrich Event 11 (H11). During the H11 event SSTs decrease (Figure 4a ). SST reconstruction from Mg/Ca analysis shows a 2 C cooling at the mid-point of H11, whereas MAT SST indicate an even larger cooling of up to 5 C. The latter is highly variable during the H11 event due to high standard deviation of the H11 MAT SST estimates (2-2.5 C; Figure 2d ), which can most likely be attributed to the high abundance of N. pachyderma (s) spanning H11. According to core top assemblages, the correspondence between N. pachyderma (s) abundances and surface temperature weakens when approaching 100%, and therefore may correspond to a wide range of temperatures [Kohfeld et al., 1996; Prell et al., 1999; Oppo et al., 2006 ].
[15] Following H11, both MAT and Mg/Ca based SST reconstructions suggest a $4 C warming at the end of the H11 event (Figure 4 ), coincident with a decrease in the abundance of the polar planktonic species N. pachyderma (s) Figure 4a indicate the averaged SST in two core top samples from a nearby multicore and modern observations, respectively. Pink and blue diamonds show MAT summer (8.93 AE 1.35 C) and winter SSTs (3.44 AE 1.95 C), and the orange diamond shows Mg/Ca SST estimates (5.4 AE 1.1 C) from GS06-144-03MC A [Kleiven et al., 2010] . Pink and blue circles indicate the modern SSTs (respectively 7.79 C for summer and 3.09 C for winter) near the core site (at 57 50′N, 48 50′W), obtained from the World Ocean Atlas 2009 . The purple diamond in Figure 4b indicates the average N. pachyderma (s) coiling ratio (%) from the two core top samples from GS06-144-03MC A [Kleiven et al., 2010] . and increases in the abundances of subpolar-transitional species such as N. incompta, T. quinqueloba, G. bulloides and G. glutinata ( Figure 5 ). This MIS 6/5e transition is also marked by a $1.5‰ glacial to interglacial decrease in d 18 O of N. pachyderma (s) at $132.5 kyr BP. Following the end of H11, d 13 C values of N. pachyderma (s) also increase from À0.11‰ to 0.21‰. [16] SST estimates from MAT and Mg/Ca results indicate that the peak warmth conditions were reached early in MIS 5e, between $128.5-126 kyr BP (Figure 4a ). During this period, the foraminiferal assemblage is dominated by subpolar-transitional species N. incompta, T. quinqueloba, G. bulloides and G. glutinata ( Figure 5 ). The relative abundance and coiling ratio of N. incompta reach maxima of 52% and 88% respectively at 2796 cm ($127.7 kyr BP), indicating that warm surface temperatures were reached early in MIS 5e. The foraminiferal assemblage in the 2736-2812 cm core interval ($125.5-130.8 kyr BP) also includes warmwater species such as N. dutertrei, G. inflata, G. scitula, G. ruber (w), O. universa, and G. crassaformis in minor amounts, which are known to adapt to transitional, subtropical and tropical waters [Tolderlund and Bé, 1971 ]. The abundance of these rare species does not exceed 1% of the total foraminiferal assemblage, except for the transitional species G. inflata, which reaches up to 4% at 2796 cm ($127.7 kyr BP). This period of warmth is also characterized by generally very low IRD content (<5%), except at 2756 cm ($126.2 kyr BP) when IRD abundances reach 54% (Figure 4) .
[ points making precise estimates difficult. The coiling ratio of N. pachyderma shifts somewhat more gradually, over $20 cm, from a 72% N. incompta abundance to 86% N. pachyderma (s). The total foraminiferal assemblage becomes dominated by the polar planktonic foraminifera N. pachyderma (s), indicating a strong shift toward 'polarlike' hydrographic conditions in the northern SPG at this time.
[19] Although shorter in duration, the Mg/Ca SST reconstruction also indicates cooling (Figure 4a ). At 2724 cm ($125.2 kyr BP) SSTs decrease from $7 C to $4 C, reaching the coldest temperatures at 2708 cm ($124.8 kyr BP), similar to modern day values of EGC waters (e.g., potential temperature of polar origin waters of EGC is 3 AE 1.4 C in spring [Holliday et al., 2006] ). Likewise, SST estimates from MAT suggests a cooling of $4 C during winter and 2 C during summer, attaining the coldest temperatures at 2700 cm. The high standard deviation of MAT SSTs ($1.6 C for summer and $2.5 C for winter estimates, Figure 2d ) during the cooling event is most likely due to the high N. pachyderma (s) abundances. Thus, assemblages and Mg/Ca SST estimates document similar magnitudes of cooling-both indicating SSTs dropped to near modern (oceanographic)/core top (late Holocene) values (Figure 4a ). The shorter duration of the Mg/Ca event may be due to the three SST estimates that were rejected because of possible contamination (Figures 2 and 4) .
[20] Other hydrographic changes are also observed during the $126 kyr BP cooling event. The d 13 C of N. pachyderma (s) decreases by 0.3-0.5‰ during this period (Figure 4) . The d 18 O values of N. pachyderma (s) also reach their MIS 5e minimum within this cooling, approaching 2.0‰ at 124.4 kyr BP-at nearly the same time as the coiling ratios of N. pachyderma (s) reach $94%. Taken together, these results suggest that the 126-kyr transition represents a marked change in hydrographic conditions toward much more polar or EGC-like (colder, fresher, lower d 13 C) water, at the core site.
[21] To further compare our results with modern data we compare SST and d 18 O sw changes in order help to contextualize the scale and origin of these paleo-hydrographic changes. The d 18 O sw (salinity) and SST records show close temporal covariance ( Figure 6 ). Although the uncertainty on each individual salinity value is high ($1 psu) the linear T-d 18 O sw slope suggests a simple (two end-members) control for the variance over time. The nature of this T-d 18 O sw relationship, varying between warm/saline (high d 18 O sw ) and cool/fresh (low d 18 O sw ) conditions, is similar to that observed spatially in the North Atlantic today-supporting a role for shifting fresh (EGC) and saline (IC) influences at the core site. The saline and warm water during the early MIS 5e ($128-127 kyr BP) suggests not only a greater contribution of IC water to our site, but a stronger inflow of the warm, saline surface North Atlantic Current into this limb of the SPG. After 126 kyr BP d 18 O sw values drop to $À0.5‰, similar to values observed in the EGC todayconsistent with increased EGC influence at this time. Although such estimates entail large uncertainties since paleo water mass d 18 O sw end-members are not constrained, the large relative shift nevertheless suggests a marked change in the SPG and freshwater pathways/fluxes after 126 kyr BP (Figures 6 and 7) . [22] The end of the cooling event is marked by a gradual influx of the subpolar-transitional species N. incompta. The abundance of N. incompta increases up to a maximum of 34%, but does not reach as high (52%) as during early MIS 5e warmth ( Figure 5 ). Mg/Ca and MAT based SST estimates also support a return to warm conditions at the core site. Only the MAT summer estimates indicate that SSTs returned fully to pre-cooling event values, while MAT winter estimates and Mg/Ca results indicate slightly lower SSTs than the peak values observed in early MIS 5e (Figures 4a and 7e ).
[23] Another hydrographic shift is recorded by the foraminiferal assemblage data during the post-cooling interval. A noticeable increase in the T. quinqueloba relative abundance is observed after the milder conditions gradually returned and stabilized ( Figure 5) . The relative abundance of T. quinqueloba increases in two steps, from 15% to 43% at 2630 cm ($122.6 kyr BP), and to 55% at 2602 cm ($121.8 kyr BP) ( Figure 5 ). Today T. quinqueloba is found in polar to transitional regions [Tolderlund and Bé, 1971] , and is used as an indicator of the Arctic front [e.g., Fronval et al., 1998 ]. Therefore, the sharp increase in the T. quinqueloba percentage in core MD03-2664 after 122.5 kyr BP (together with the increase in other subpolar species' abundance, i.e., G. bulloides, G. glutinata) indicates an enhanced influx of Atlantic waters/Irminger Current (IC) off southern Greenland (i.e., a more proximal Arctic front).
[24] One possible caveat to this observation is that T. quinqueloba, census results have been found to vary with mesh size leading to different results and interpretations [e.g., Kandiano and Bauch, 2002] . However, other studies observed almost no difference [e.g., Johannessen et al., 1994] . Records from southwest of Iceland and eastern subpolar North Atlantic show increases in the T. quinqueloba abundance coeval with those observed at our site-peaking near the MIS 5e/5d transition [Oppo et al., 1997 [Oppo et al., , 2001 [Oppo et al., , 2007 . Similarly, Fronval et al. [1998] observed increasing T. quinqueloba percentage at a core location in the Iceland Sea at this time, indicating that the Arctic Front reached its most westerly position in the Nordic Seas at $120-118 kyr BP. Increased influence of Atlantic waters in the southern Iceland Sea may reflect a relatively stronger IC, or alternatively reduced influence of polar waters from the EGC [Fronval et al., 1998 ].
Discussion
[25] Our new high-resolution multiproxy record from the Eirik Drift provides insights into the nature and timing of subpolar North Atlantic hydrography and climatic variability during the last interglacial period. Our results indicate that during MIS 5e, North Atlantic surface ocean hydrography and climate experienced a number of distinct states including warmer than present conditions early in the last interglacial period.
Early MIS 5e Warmth
[26] Today, the left-coiling (sinistral) form of N. pachyderma is the dominant species in polar regions, whereas the right-coiling (dextral) form is found in warmer regions. N. pachyderma (s) is found in water temperatures between À1 C and 8 C, reaches highest concentrations below 2 C, and rapidly decreases in waters warmer than 5 C [Tolderlund and Bé, 1971] . Large shifts (between 0% and 100%) in core top and modern percentage abundances of N. pachyderma (s) indicate approximately an 8 C SST change [Kohfeld et al., 1996] . In the N. pachyderma (s) dominated polar regions, typical coiling ratios of N. incompta (N. pachyderma (dex)) are between 1% and 5 AE 1% from counts of 300 individuals [Bauch et al., 2003] . The N. pachyderma (s) percentage of total planktonic foraminifera in modern pelagic sediments off southern Greenland, near the location of Core MD03-2664 from the (Figure 7b ). MAT SST estimates and N. pachyderma (s) coiling ratio (%) are plotted on 8 cm resolution for the 2350-2600 cm interval and on 4 cm for the 2600-2850 cm interval. The N. pachyderma (s) d 18 O record and spore and pollen concentrations of HU90-013-013 were obtained from the GEOTOP Paleoceanographic database at http://www.geotop.ca/index.php. The yellow band indicates the interval for the major GIS melting based on Carlson et al. [2008] , and the blue band indicates the cooling event recorded at site MD03-2664.
Eirik Drift, is above 95% [Pflaumann et al., 2003] . Modern foraminiferal assemblages in the top two samples of a multicore taken adjacent to MD03-2664 (GS06-144-03MC A 57 28.71′N, 48 36.93′W, 3432 m water depth [Kleiven et al., 2010] ) have an average N. pachyderma (s) coiling ratio of 97% (Figure 4b ).
[27] In contrast to the dominance of polar foraminifera in modern assemblages, the abundance of N. incompta was dominant through the early MIS 5e, between $128.5 and $126 kyr BP in MD03-2664. During this interval the abundance of transitional-subpolar species such as T. quinqueloba, G. bulloides and G. glutinata also increased, and even subtropical-tropical species were present in minor amounts. The high relative abundance of N. incompta, reaching a maximum of 52%, together with the relatively warmer-water fauna observed at this interval, depicts a period when surface water conditions off of southern Greenland supported a distinctly warmer planktonic fauna than presently.
[28] A warmer-than-today early MIS 5e is also supported by SST estimates reconstructed from MAT and Mg/Ca analysis. During early MIS 5e, both records reach peak warmth conditions at 2796 cm ($127.7 kyr BP). MAT summer SSTs rose to $11 AE 1.33 C (peak 13 C), and MAT winter SSTs rose to $7 C (peak 9 C) ( Figure 4 ). Modern ocean temperatures (57 50′N, 48 50′W) are 3.09 C in winter (January-March) and 7.79 C in summer (July-September) ]-close to the core top MAT SST estimates of $3 AE 1.9 C and $9 AE 1.4 C for winter and summer [Kleiven et al., 2010] , respectively (Figure 4a ). Hence, both modern and core top MAT SSTs indicate $3-5 C colder modern conditions at the core site than during early MIS 5e.
[29] Mg/Ca-SST estimates of 7-10 C during early MIS 5e fall between the values from MAT summer and winter estimates (Figure 4a ), suggesting they may be recording spring conditions, consistent with the spring bloom of N. pachyderma (s) [e.g., Tolderlund and Bé, 1971; Jonkers et al., 2010] . Likewise, modern core top Mg/Ca-SST values of 5.4 AE 1.1 C fall squarely between winter (3.09 C) and summer (7.79 C) ocean temperatures in this region . Thus Mg/Ca results also suggest that peak early MIS 5e SSTs (7-10 C) were $2-5 C warmer than modern (core top = 5.4 AE 1.1 C) (Figure 4a ).
[30] The warm surface temperatures prevailed until $126 kyr BP when they were terminated by a cooling event. This transition occurred over a few centuries and the cool period that followed prevailed for $1600 years (spanning $54 cm of core) until milder conditions gradually returned. Hydrographic changes associated with the cooling, such as a marked freshening (low d 18 O sw ) and decrease in planktonic d 13 C, suggest a period of markedly different hydrography south of Greenland following the $126 kyr BP transition.
Origin of Hydrographic Changes
[31] What could cause cooling and freshening at this site when the high latitude Northern Hemisphere summer insolation was near its peak? Given our core location, rapid melting of the GIS and shifts in surface ocean currents (water masses) relative to the core site are obvious candidates. The inferred freshening (d 18 O sw decrease) associated with the cold event may provide important constraints on the mechanisms at play. The fresh and cold EGC, which lies just north of the core site today, is a likely candidate for transporting cool/fresh water to the core site. Other sources of freshwater include precipitation, river runoff, meltwater from sea ice, inflows from the Pacific Ocean, and meltwater from continental ice, i.e., the GIS; which affect the fresh water flux along the EGC pathway [Aagaard and Carmack, 1989] . Sutherland and Pickart [2008] computed the freshwater budget of the EGC and the East Greenland Coastal Current (EGCC)-which is the inner branch of the EGCsystem and found that the largest contribution came from sea ice, advected from the Arctic Ocean through Fram Strait and Denmark Strait, melting en-route to Cape Farewell during summer. In addition, glacial meltwater from the GIS is an important source of fresh water to the northern North Atlantic and the EGC system and could influence hydrography at the core site-amplifying/dampening any dynamic "circulation" related changes.
[32] The possibility for GIS influence bears further consideration since studies show that during the last interglacial period sea level was most likely up to 6.6 m higher than present [Kopp et al., 2009] , and GIS melting contributed 1.9-5.5 m of this higher sea level with the southern GIS shrinking [Cuffey and Marshall, 2000; Otto-Bliesner et al., 2006; Colville et al., 2011] . Carlson et al. [2008] studied the response of the GIS during the last two deglaciations using [Ti] and [Fe] in sediments from a nearby core, MD99-2227, on the Eirik Drift (Figure 1) to reconstruct summer melting. They proposed that the major ice margin retreat began following the MIS 6/5e transition with high and steady runoff in the 128-122.5 kyr BP interval concluding that the southern GIS response was synchronous with deglacial North Atlantic warming and potentially correlated with the interglacial atmospheric CH 4 peak at $127 kyr BP [Spahni et al., 2005] . Comparing the [Ti] and [Fe] records of Carlson et al. [2008] with our results (Figure 7) , shows that the cool and fresh (low d 18 O sw ) event recorded between $126-124 kyr BP at site MD03-2664, does indeed coincide with the highest rates of GIS melting (Figure 7 )-consistent with a role of ice sheet melting during this period. A recent paper by Colville et al. [2011] further supports rapid GIS melting in this interval. Based on Sr-Nd-Pb isotope ratios of sediments from the Eirik Drift core MD99-2227, they suggest continuous melting of GIS throughout the last interglacial period with the greatest southern GIS retreat occurring between $127 and 120 kyr BP [Colville et al., 2011] .
[33] Pollen and spore concentrations of MIS 5e provide additional clues to GIS activity during the cooling event. The pollen record from Core HU90-013-013, also retrieved from the Eirik Drift (Figure 1) , has been used as a proxy for the extent of the GIS since it provides information on the pollen production and vegetation density of southern Greenland [de Vernal and Hillaire-Marcel, 2008] . The detailed paleobotany studies of MIS 5e from Core HU90-013-013 document a rapid development of shrub tundra and dense fern vegetation over southern Greenland following ice retreat during early MIS 5e [de Vernal and Hillaire-Marcel, 2008] . Comparison of the spore and pollen concentrations of HU90-013-013 [de Vernal and Hillaire-Marcel, 2008] with the SST records of MD03-2664 shows that the cooling and freshening south of Greenland occurred during a period of rapid expansion of vegetation in southern Greenland (Figure 7) . The peak pollen concentration during this interval indicates mild conditions and increased vegetation and reduced Greenland ice volume; consistent with increased influence of meltwater (low d 18 O sw ) from the retreating ice sheet. Low IRD concentrations at our site suggest that melting was taking place inland and not through coastal calving.
[34] However, GIS wasting alone cannot explain all of the observed hydrographic changes, including the anomalous warmth prior to 126 kyr BP, a time when GIS was also melting. For example, elevated [Ti] and [Fe] (high meltwater runoff) also corresponded to the peak warm conditions at site MD03-2664. This suggests that the GIS was decaying rapidly (and atmospheric CH 4 spiked [e.g., Spahni et al., 2005] ) during the period of early MIS 5e warmth in the northern rim of the SPG.
[35] Since elevated GIS melting occurs prior to the cooling and freshening starting at 126 kyr BP, and cannot explain the persistence of warm/saline conditions at our site prior to 126 kyr BP, we explore alternative mechanisms for these changes. One possible explanation for the post 126 kyr cooling and freshening is that circulation switched, with more IC (warm/salty) influence prior to 126 kyr giving way to more EGC (cold/fresh) influence after this time. The EGC provides an important dynamical link between the Arctic Ocean and North Atlantic and constitutes the main freshwater sink of the Arctic Ocean [Schlichtholz and Houssais, 1999] . On interdecadal timescales EGC freshwater fluxes play an important role in North Atlantic salinity changes [Curry et al., 2003; Curry and Mauritzen, 2005] such as those observed during the Great Salinity Anomaly (GSA) that freshened the SPG [Dickson et al., 1988] . Today, approximately one third of the EGC retroflects into the central Irminger basin, forming a pathway for freshwater into the interior of the SPG [Holliday et al., 2007] . The drop in SSTs down to 2-3 C together with low d 18 O sw is consistent with a much greater influence of EGC water at the core site. Indeed, the reconstructed d 18 O sw values of À0.44 to À0.71‰ during the cooling (Figures 6 and 7) are similar to those found in the EGC today [Schmidt et al., 1999] .
[36] The surface water chemical changes observed in our core are also consistent with variations between EGC and IC influences at the core site. Regionally, the d 13 C values of N. pachyderma (s) show distinctly different values related to the different surface water masses in which they grow. Today, high d 13 C values correspond to cold Arctic waters, whereas low foraminiferal d 13 C is associated with perennially ice covered polar surface waters [Johannessen et al., 1994] . The low d 13 C values observed during MIS 6 [Fronval and Jansen, 1997] and similarly during the last glacial maximum [Sarnthein et al., 1995] reflected the dominance of extensive sea ice and polar surface waters. During the post 126 kyr BP cooling, foraminiferal d 13 C values drop close to values observed during MIS 6, consistent with increased polar (EGC) water influence at the core site.
SPG Dynamics
[37] We propose that early MIS 5e hydrographic shifts at the Eirik Drift are related to changes in SPG circulation. Past variability in the SPG circulation, including fast adjustments between strong and weak states of SPG, have been confirmed by modern and paleo-observations, and simulated in models [e.g., Häkkinen and Rhines, 2004; Hátún et al., 2005; Levermann and Born, 2007; Thornalley et al., 2009; Born and Levermann, 2010; Born et al., 2010a Born et al., , 2010b Born et al., , 2011 . Surface wind stress [e.g., Curry et al., 1998; Böning et al., 2006] , and density structure [Eden and Willebrand, 2001; Häkkinen and Rhines, 2004; Hátún et al., 2005; Levermann and Born, 2007; Häkkinen et al., 2008; Lohmann et al., 2009; Born et al., 2010a] both influence SPG circulation over recent decades and are likely candidates for modulating the SPG in the more distant past. These same processes are likely candidates for driving the type of MIS 5e property and faunal variations, between more IC like (warm/salty) and subpolar/EGC like (cold/fresh), reconstructed at our core site.
[38] The coincidence between subpolar North Atlantic warmth and peak atmospheric methane concentrations early in MIS 5e [Spahni et al., 2005] would, if correct (age uncertainty), suggest a role for much broader atmospheric and hydrologic changes at this time. Past variations in methane concentrations are thought to be driven by changes in tropical climate and precipitation patterns [Brook et al., 1999] which, in turn, were coupled to North Atlantic climate and sea ice changes-with North Atlantic warming associated with increased methane [Brook et al., 1999; Chiang et al., 2003 Chiang et al., , 2008 . Given these teleconnections, anomalous SPG warmth in early MIS 5e may help explain the origin of (or is at least consistent with) peaking atmospheric [CH 4 ] at this time and suggests that the local circulation changes could have been part of a much larger scale pattern involving high-low latitude atmospheric shifts.
[39] The occurrence of a hydrographic switch following the ramp up of GIS melting raises the possibility that freshwater flux (e.g., buoyancy) changes could also have been an important mechanism for altering SPG circulation. Modeling studies of MIS 5e climate and ocean circulation suggest a sensitivity of the SPG to freshening [Born et al., 2010a] , while modern observations show that freshwater fluctuations in the EGC system could impact both the SPG and the THC [Cox et al., 2010] . SPG strength varies in relationship to the density difference between its center and rim [Häkkinen and Rhines, 2004; Born et al., 2010a] and, at least in models, even relatively small fluctuations can trigger transitions between SPG states [Levermann and Born, 2007] . Enhanced freshwater flux into the SPG through the EGC causes cooling and freshening in the SPG region, which reduces the density gradient between the center and the rim of the gyre and weakens the SPG circulation [Born et al., 2010a [Born et al., , 2011 . The weaker SPG circulation and weakening of the IC, carrying warm and saline tropical waters westward into the study area, act as positive feedbacks driving further cooling and freshening in the region [Born et al., 2010a [Born et al., , 2011 . Therefore, during the warmerthan-present climatic conditions of early MIS 5e, a continuous freshwater flux could have been a trigger for switching the SPG into a weaker circulation. The fact that this transition occurs during a period of rapid GIS retreat points toward, or is at least consistent with, a role of GIS melting as an important source for the freshwater trigger.
[40] Regardless of how SPG changes were triggered (by wind stress and buoyancy changes), our records add to a growing body of evidence suggesting that early MIS 5e was a period of synoptic scale hydrographic reorganizations in the North Atlantic. For example, early MIS 5e transitions are also evident in records ranging from the subtropics to the Nordic Seas. For example, Shackleton et al. [2003] linked a planktonic d 18 O transition at $126 kyr BP in a core off Portugal to the initiation of the Eemian and full terrestrial interglacial climate conditions over SW Europe. In addition, significant amounts of IRD and various SST proxies Van Nieuwenhove et al., 2011] indicate that the Nordic Seas were cool early in MIS 5e while the eastern North Atlantic was warm. This resulted in a steep temperature gradient across the Greenland-Scotland Ridge (GSR) suggesting a more east-west orientation of the Polar Front aligned with the GSR [Rasmussen et al., 2003] . Given that SPG extent and circulation is important for communicating signals and changes between the North Atlantic and Nordic Seas [Hátún et al., 2005] , a switch in SPG circulation may help explain the spatial heterogeneity of climate evolution during early MIS 5e. For example, a weakened and contracted SPG after $126 kyr BP would have exerted less influence in the eastern Atlantic and allowed warmer subtropical water to enter the Nordic Seas [after the mechanism of Hátún et al., 2005]-warming the eastern Nordic Seas while cooling the Eirik Drift.
[41] Meltwater induced cooling is another mechanism that has been proposed for driving spatial heterogeneity in North Atlantic climate during MIS 5e [e.g., Otto-Bliesner et al., 2006; Govin et al., 2012] . Govin et al. [2012] propose that the delayed establishment of peak interglacial conditions in the North Atlantic, Labrador and Norwegian Seas could be driven by meltwater induced cooling early in MIS 5e as ice sheets wasted away. However, their model results suggest that in many regions, including the northwestern SPG and Eirik Drift, this cooling only partially offsets the effects of higher insolation. Hence the early MIS 5e warmth evident in our records is consistent with their simulations and does not rule out an important role for freshwater mediation of early MIS 5e climate. Nevertheless, we suggest that the full range of surface water property changes evident in our early MIS 5e multiproxy records such as increased planktonic d 13 C and d 18 O sw (salinity) are not expected as a direct response to local insolation and meltwater increasessuggesting changes in regional (SPG) circulation still played a role in modulating the influence of EGC and IC in our study area.
Summary and Conclusions
[42] New high-resolution multiproxy records document late MIS 6 and early MIS 5e variability in climate and surface ocean hydrography off southern Greenland. SSTs peaked at levels $3-5 C warmer than today early in MIS 5e and remained anomalously warm for $2500 years. These anomalously warm surface temperatures were interrupted by a cooling starting at $126 kyr BP. This cooling event, recorded in SST estimates and foraminiferal assemblages, is also marked by an abrupt shift to lower planktonic (N. pachyderma (s)) d 18 O values that persist through the rest of MIS 5e. A similar planktonic d 18 O trend is also documented in the eastern subtropical North Atlantic [Shackleton et al., 2003] , and in the Nordic Seas . Following the cooling event, SSTs gradually increased near to early MIS 5e levels. During this post-cooling interval, at $122.5 kyr BP, the relative abundance of T. quinqueloba increased sharply and dominated the foraminiferal assemblage. This indicates an enhanced influence of Atlantic waters/IC off southern Greenland and an increase in the fraction of relatively warm and saline subtropical waters.
[43] Taken together our results suggest that the hydrography and circulation of the North Atlantic SPG had multiple interglacial states or modes and that relatively rapid switches between these modes occurred. The changes involved shifts in freshwater fluxes/distributions, most likely related to changes in SPG circulation, swaying the balance between EGC and IC influences at the study area. Similar shifts in SPG properties have been linked to changes in NAO over recent decades [Bersch, 2002; Flatau et al., 2003; Häkkinen et al., 2008] suggesting a role for atmospheric forcing. The coincidence of the largest hydrographic switch at $126 kyr BP with dramatic freshening of surface waters and rapid GIS retreat also raises the possibility that freshwater from GIS melting may have amplified, or even triggered, the type of slowdown in SPG circulation (and extent) seen in models forced with freshwater [e.g., Levermann and Born, 2007; Born et al., 2010a] .
[44] On a broader scale, mode switches in North Atlantic and SPG circulation may provide a dynamical mechanism for reconciling some of the spatiotemporal heterogeneities documented during MIS 5e (and Eemian) marine and terrestrial records of the North Atlantic. Given that the switches between circulation modes occurred rapidly, and during a period of warmer-than-present conditions and GIS melting, further characterization and modeling of these states and their activation thresholds may be highly relevant for understanding and predicting regional climate evolution in our future.
